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Is Required for oskar mRNA Silencing
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during mid-oogenesis is essential for posterior pat-
terning and for germ cell formation (Ephrussi et al., 1991;
Kim-Ha et al., 1991; Lehmann and Nu¨sslein-Volhard,
1986). osk transcript is produced throughout oogenesis,
but remains translationally silent until localization to the
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oocyte posterior pole during stage 9 (Kim-Ha et al., 1995;373 Plantation Street
Markussen et al., 1995; Rongo et al., 1995). FollowingWorcester, Massachusetts 01605
localization and translational activation, Osk protein trig-
gers the assembly of pole plasm, which specifies the
germline and is required for abdominal patterningSummary
(Ephrussi et al., 1991; Ephrussi and Lehmann, 1992).
Translational repression of osk during stages 7 and 8 isPolarization of the microtubule cytoskeleton during
mediated by cis-elements in the osk 3 UTR that areearly oogenesis is required to specify the posterior of
bound by Bruno (Kim-Ha et al., 1995; Webster et al.,the Drosophila oocyte, which is essential for asymmet-
1997), which interacts with Cup, an eIF4E binding proteinric mRNA localization during mid-oogenesis and for
(Nakamura et al., 2004). Cup is also required for oskembryonic axis specification. The posterior determi-
translational silencing and may function with Bruno tonant oskar mRNA is translationally silent until mid-
silence osk mRNA translation by blocking eIF4E interac-oogenesis. We show that mutations in armitage and
tions with other components of the translation initiationthree components of the RNAi pathway disrupt oskar
machinery (Nakamura et al., 2004; Wilhelm et al., 2003).mRNA translational silencing, polarization of the mi-
Unlike bcd and osk mRNAs, grk mRNA is translatedcrotubule cytoskeleton, and posterior localization of
throughout oogenesis, producing a TGF-related growthoskar mRNA. armitage encodes a homolog of SDE3,
factor that initiates two spatially and temporally distincta presumptive RNA helicase involved in posttranscrip-
signaling events that specify the anterior-posterior (A/P)tional gene silencing (RNAi) in Arabidopsis, and is re-
and dorsal-ventral (D/V) axes (Gonzalez-Reyes et al.,quired for RNAi in Drosophila ovaries. Armitage forms
1995; Neuman-Silberberg and Schu¨pbach, 1993, 1996;an asymmetric network associated with the polarized
Roth et al., 1995). During early oogenesis, microtubulesmicrotubule cytoskeleton and is concentrated with
originate from the posterior of the oocyte and mediatetranslationally silent oskar mRNA in the oocyte. We
posterior localization of grk mRNA and Grk protein. Grkconclude that RNA silencing is essential for establish-
signals to the overlying follicle cells to induce posteriorment of the cytoskeletal polarity that initiates embry-
differentiation (Gonzalez-Reyes et al., 1995; Roth et al.,onic axis specification and for translational control of
1995). During mid-oogenesis, the posterior follicle cellsoskar mRNA.
signal back to the oocyte, inducing reorganization of
the oocyte microtubule network, which is essential forIntroduction
the asymmetric localization of bcd, osk, and grk mRNAs
(Gonzalez-Reyes et al., 1995; Roth et al., 1995). Follow-Asymmetric mRNA localization produces local protein
ing reorganization of the microtubule network, grkconcentrations that are critical to processes ranging
mRNA localizes to the dorsal-anterior corner of the oo-from mating-type switching in yeast to synaptic plastic-
cyte (Neuman-Silberberg and Schu¨pbach, 1993), andity in mammals (reviewed in Bashirullah et al., 1998;
local Grk signaling induces dorsal differentiation of the
Bassell et al., 1999; Mohr and Richter, 2001). To produce
adjacent follicle cells (Gonzalez-Reyes et al., 1995; Roth
protein at the right time and place within the cell, tran-
et al., 1995). The correct organization of oocyte microtu-
scripts must be translationally silent during transport bules early in oogenesis thus initiates a series of signal-
and remain silent until the protein products are needed. ing events that specify the axes of the oocyte.
Embryonic axis specification in Drosophila is a well- Here we show that the armitage (armi) gene is required
studied developmental process that depends on spatial for anterior-posterior polarization of the microtubule cy-
and temporal coordination of mRNA localization and toskeleton and translational silencing of osk mRNA dur-
translation (Cooperstock and Lipshitz, 2001; Riechmann ing early oogenesis and for osk mRNA localization and
and Ephrussi, 2001; van Eeden and St. Johnston, 1999). posterior and dorsal-ventral patterning during mid-
bicoid (bcd) mRNA encodes the primary anterior mor- oogenesis. The armi gene encodes a putative RNA heli-
phogen and is localized to the anterior of the developing case most closely related to SDE3, which is required
oocyte during stage 9 (Berleth et al., 1988; Driever and for posttranscriptional gene silencing (PTGS) in Arabi-
Nu¨sslein-Volhard, 1988). However, bcd is not translated dopsis (Dalmay et al., 2001; Willmann, 2001). PTGS is
until egg activation, when the transcript is polyadenyl- an evolutionarily conserved RNA silencing mechanism
ated in the cytoplasm, recruited to polysomes, and closely related to RNA interference (RNAi) (reviewed in
translated to produce an anterior to posterior protein Bernstein et al., 2001; Tijsterman et al., 2002). In the
gradient (Driever and Nu¨sslein-Volhard, 1988; Salles et accompanying manuscript (Tomari et al., 2004 [this is-
al., 1994). Asymmetric localization of oskar (osk) mRNA sue of Cell]), we show that armi is required for RNAi
and efficient assembly of the RNA-induced silencing
complex (RISC) in ovary extracts. Armi/SDE3 class RNA*Correspondence: William.Theurkauf@umassmed.edu
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helicases thus appear to have a conserved role in RNAi. osk mRNA localizes to the posterior pole (Figure 1A)
(Castagnetti and Ephrussi, 2003; Kim-Ha et al., 1993).We show that three additional genes implicated in RNAi
In armi mutants, bcd mRNA showed a wild-type anteriorare also required for osk mRNA translational silencing
distribution (Figure 1A). However, osk RNA was eitherand microtubule reorganization during early oogenesis,
dispersed throughout the ooplasm or concentratedindicating that the RNAi system is required for axial
within the oocyte interior in 85% (n  52) of armi1 eggpolarization of the oocyte. Finally, we show that Armi
chambers (Figure 1A) and 90% (n  69) of armi72.1 eggprotein is concentrated in the oocyte with osk mRNA. We
chambers (Supplemental Figure S1 at http://www.cell.speculate that this asymmetric localization may spatially
com/cgi/content/full/116/6/817/DC1). The remainingrestrict RNA silencing activity and increase the effi-
egg chambers displayed weak posterior localization (notciency of target recognition and thus help to establish
shown). osk mRNA consistently showed normal poste-the functional asymmetries that initiate embryonic
rior localization in armirev39.2 revertants (Supplementalaxis specification.
Figure S1). During stages 2 through 6, osk mRNA accu-
mulates at the posterior of wild-type oocytes (Figure 1B)
(Castagnetti and Ephrussi, 2003; Kim-Ha et al., 1993). InResults
armi mutants, osk mRNA was transported to the oocyte
during these early stages, but it did not accumulate atGenetic and Molecular Characterization
the posterior cortex (Figure 1B).of the armitage Gene
During stages 2 to 7, grk mRNA and protein also accu-To identify new genes involved in embryonic axis specifi-
mulate at the oocyte posterior (Figure 1B) (Neuman-cation, a collection of P element transposon-induced
Silberberg and Schu¨pbach, 1996; Roth et al., 1995). Dur-maternal effect lethal mutations was screened for im-
ing these stages, grk mRNA was below the level ofpaired localization of the pole plasm component Vasa
detection by FISH. However, Grk protein was detectableand for disruption of D/V patterning as indicated by
by antibody staining. In armi72.1 oocytes, Grk was dis-defects in the dorsal appendages on the eggshell. This
persed throughout the cytoplasm (Figure 1B). Duringscreen identified a new mutation that produced variable
mid-oogenesis, grk mRNA and Grk protein accumulateappendage defects and significantly reduced Vasa ac-
at the dorsal-anterior corner of the oocyte (Figure 1A)cumulation at the posterior pole (not shown). Molecular
(Neuman-Silberberg and Schu¨pbach, 1996; Roth et al.,and genetic analyses demonstrated that the mutation
1995). In armi mutants, grk mRNA was undetectable by
was not in a previously identified gene (see below). We
FISH. However, using a colorimetric detection method,
named the locus armitage after the navigator on Robert
grk mRNA formed a weak ring near the anterior cortex
Falcon Scott’s failed Discovery expedition to the
(Figure 1A, inset), and immunostaining showed that Grk
South Pole. protein was dispersed throughout the oocyte (not
Excision of the P element in the original mutant, armi1, shown). These observations indicate that the armi gene
produced new armi alleles and revertant chromosomes is required for axial polarization of the oocyte during
that presumably restore gene function through precise early and mid-oogenesis.
transposon excision. Of the forty lines generated, 21
(52%) fully complemented armi1 and were homozygous
Characterization of armi Gene
fertile with normal embryonic patterning. The remaining
To clone the armi gene, DNA adjacent to the armi1 P
lines failed to complement armi1, indicating that impre-
element insertion was recovered by plasmid rescue. The
cise P element excision had generated new armi muta- flanking DNA matched genomic sequences at polytene
tions. Most of these mutations were homozygous viable region 63E1 and the cDNA clone GM10845.5prime in the
and female sterile, and the mutant females produced Berkeley Drosophila Genome Project (BDGP) database
eggs with intermediate to weak defects in D/V pat- (http://www.fruitfly.org). Consistent with a role for armi
terning, suggesting that they were partial loss-of-func- during oogenesis, GM10845 was isolated from a germa-
tion alleles. However, armi72.1 appeared to be a strong rium through stage 6 egg chamber library. GM10845
loss-of-function allele. Homozygous armi1 females pro- contained a 2.1 kb insert with 484 nucleotides of putative
duce eggs where 67% (n  608) show strong D/V pat- 5UTR upstream of an open reading frame that extended
terning defects as indicated by a complete lack of dorsal to the end of the clone. Comparison of plasmid rescue,
appendages. By contrast, 92% (n 885) of eggs depos- cDNA and genomic sequences indicated that the armi1
ited by armi72.1 females completely lack dorsal append- P element was inserted in the 5 UTR of the putative
ages, and 35% of these were also collapsed. armi72.1 transcription unit (see below and Figure 2A).
over the deficiency Df(3L)E1 showed a similar range Northern blots probed with GM10845 detected a pri-
of defects, indicating that armi72.1 is a strong loss-of- mary transcript of approximately 4.2 kb. This transcript
function mutation. However, both armi1 and armi72.1 ova- was expressed at high levels in ovaries, 0 to 3 hr em-
ries produce low levels of transcript, suggesting that bryos, and in Drosophila DL2 cells and at low levels
neither allele is functionally null (see below). at other developmental stages and in ovariectomized
To further characterize armi patterning defects, we females (Figure 2B). In some RNA preparations, a minor
performed fluorescent in situ hybridization (FISH) for the transcript of roughly 6.9 kb was also detected (Figure
three asymmetrically localized mRNAs that specify the 2B, DL2 lane and not shown). The levels of both tran-
anterior, posterior, and dorsal regions of the oocyte. In scripts were significantly reduced in armi1 and armi72.1
wild-type stage 9 to 11 oocytes, bcd mRNA accumulates mutant ovaries, and both were restored to wild-type
levels in armirev39.2 ovaries (Figure 2C and not shown).along the anterior cortex (St. Johnston et al., 1989) and
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Figure 1. armi Mutants Disrupt Axial Pat-
terning during Early and Late Oogenesis
(A) Localization of bcd, osk, and grk mRNAs
in wild-type and armi1/armi1 stage 9–10 egg
chambers. Mutations in armi disrupt osk and
grk mRNA localization, but not anterior accu-
mulation of bcd mRNA. Egg chambers are
oriented with anterior to the left and posterior
to the right. Transcripts were labeled by Fluo-
rescent in situ hybridization (FISH) and ana-
lyzed by laser scanning confocal microscopy
(see Experimental Procedures). grk RNA is
not detectable by FISH in armi1 mutants, but
is observed as a diffuse anterior band using
a colorimetric detection method (inset, ar-
rowheads). Projections of serial optical sec-
tions through the oocyte are shown for bcd
and grk FISH images. Single optical sections
are shown for osk images. fc, follicle cells;
nc, nurse cell; O, oocyte.
(B) Localization of osk mRNA and Grk protein
during early oogenesis. The posterior cortex
(arrowheads) and oocyte nucleus are indi-
cated (n). In early armi oocytes, osk mRNA
and Grk protein fail to localize properly to the
posterior of the oocyte. Bars are 25 m in (A)
and 20 m in (B).
Longer exposures revealed low levels of a 4.2 kb tran- and the sum of this transcript and the cycJ transcript
is roughly 6.2 kb, we postulated that the larger 6.9 kbscript and a lower molecular weight transcript in both
armi mutants, suggesting that both alleles may produce transcript might be a read-through product from armi
into cycJ. To assay for this read-through transcript, wesome active protein.
The Northern blot data and DNA sequence analysis used primers that span the intergenic region in RT-PCR
reactions (Figure 2A). A fragment consistent with a read-indicated that GM10845 is a partial cDNA lacking the 3
end. To clone a full-length cDNA, 3-RACE was per- through transcript was obtained (not shown). To test if
the armi1 P element also disrupted cycJ expression,formed on cDNA prepared from wild-type ovary RNA.
The recovered 3 sequences encode an open reading we probed Western blots of wild-type and armi1 ovary
extracts with anti-Cyclin J antibody. Similar levels offrame terminating in a stop codon followed by a 3 UTR
with a consensus polyadenylation signal and a poly(A) Cyclin J protein were detected in both samples (not
shown). Therefore, the observed defects in axial pat-tail (not shown). A full-length cDNA was generated by
ligation of GM10845 and the 3 clone. Subsequent ge- terning are not due to loss of cyclin J expression.
To confirm that the 4.2 kb transcript encodes armi, anetic tests indicate that the resulting composite cDNA
encodes functional Armi protein (see below). Alignment GFP-armi transgene was used to rescue the chromo-
somal mutation. GFP was fused to the amino terminusof the composite cDNA sequence with genomic se-
quence indicated that the mature 4.2 kb mRNA is the of the 4.2 kb transcript open reading frame, and the
fusion was placed under UASp-Gal4 control (Rorth,product of a 5 kb primary transcript with eight exons
(Figure 2A). Since the 4.2 kb cDNA terminates roughly 1998) (see Experimental Procedures). The resulting fu-
sion construct was introduced into the germline and500 nucleotides upstream of the cyclin J (cycJ) gene,
Cell
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Figure 2. Identification and Cloning of armi
Locus
(A) Schematic representation of the armi lo-
cus. Thin lines represent introns; black boxes,
protein coding exons; black stippled boxes
denote regions containing 5 and 3 UTR se-
quences. The armi1 allele contains a P ele-
ment inserted in the 5 UTR (open triangle).
Regions of the armi locus encoded by
GM10845 are highlighted. The small arrows
labeled 5 and 3 represent primers used for
5- and 3-RACE, and rt1 and rt2 denote prim-
ers used to amplify armi-cycJ read-through
transcripts.
(B) Developmental expression of armi mRNA.
A Northern blot of RNA isolated from the indi-
cated stages and probed with the GM10845
cDNA is shown. Twenty micrograms of total
RNA was loaded in each lane. The first two
lanes are from a shorter film exposure. The
bottom panel shows methylene blue stained
18S ribosomal RNA as a loading control.
(C) Northern blot of total ovarian RNA isolated
from Oregon R, armi1/TM3, armi1/armi1,
armi72.1/armi72.1, and armirev39.2. Twenty micro-
grams of RNA was loaded in each lane and
the blot was probed with the GM10845 cDNA.
The major 4.2 kb transcript is slightly reduced
in armi heterozygotes (armi1/TM3), signifi-
cantly reduced in homozygous mutants, and
restored to control levels in armi revertant
egg chambers. The middle panel is a darker
exposure, revealing low levels of RNA spe-
cies in armi mutants. The bottom panel shows
methylene blue stained 18S ribosomal RNA,
which was used as a loading control.
(D) Schematic representation of the predicted
Armi protein and the most closely related
homologs. Solid black areas indicate the
conserved C-terminal region, which contains
ATPase and helicase motifs. Percent identity
and similarity (parentheses) to Armi are indi-
cated. Hatched areas indicate regions of se-
quence divergence.
crossed into armi mutant backgrounds. Germline ex- tion of mammalian Mov10 is not known. SDE3, however,
is required for PTGS (Dalmay et al., 2001; Himber et al.,pression was induced using the nanos-Gal4 driver (Tra-
cey et al., 2000). Expression of GFP-Armi rescued the 2003), an RNA silencing mechanism related to RNAi in
animals (Bernstein et al., 2001; Tijsterman et al., 2002).female sterility of armi1 and armi72.1 homozygotes and
armi72.1 hemizygotes. In all three armi backgrounds, Plant PTGS targets viral mRNAs for degradation and
thus provides protection against viral infection. This sys-transgene expression increased hatch rates from 0% to
roughly 60%. We therefore conclude that the 4.2 kb tem can also induce degradation of RNAs encoded by
transgenes and by homologous endogenous genestranscript encodes functional Armi protein.
Conceptual translation of the open reading frame in (Kooter et al., 1999; Vaucheret and Fagard, 2001). SDE3
also participates in amplification of the silencing trigger,the 4.2 kb armi cDNA produces an 1188 amino acid
protein of approximately 136 kDa. The first 500 amino which is required for long-range cell-to-cell spreading
of silencing activity (Himber et al., 2003). Propagationacids show no significant homology to known proteins
and do not contain conserved structural motifs. The of RNA silencing occurs in plants (Palauqui et al., 1997;
Voinnet et al., 1998) and nematodes (Fire et al., 1998;C-terminal domain, however, shows significant homol-
ogy to a group of putative RNA helicases from plants, Winston et al., 2002), but not in Drosophila (Celotto and
Graveley, 2002; Roignant et al., 2003; Schwarz et al.,mice, and humans (Figure 2D). This domain contains
eight motifs characteristic of the Upf1p family of ATP- 2002; Tang et al., 2003).
dependent RNA helicases (Supplemental Figure S2 on
Cell website) (Koonin, 1992; Linder and Daugeron, 2000; armi and Components of the RNAi Pathway Are
Required for osk mRNA SilencingTanner and Linder, 2001; Weng et al., 1996). Armi is
most closely related to Mov10 (gb110) proteins in mice Based on the SDE3 homology, we postulated that armi
might function in RNA silencing during oogenesis. Bothand humans (33% identity) (Mooslehner et al., 1991) and
to Arabidopsis SDE3 (34% identity) (Dalmay et al., 2001). osk and bcd mRNAs are produced through most of oo-
genesis but remain translationally silent until mid-A C. elegans homolog has not been identified. The func-
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Figure 3. armi Is Required for Posttranscrip-
tional Silencing of oskar mRNA
Wild-type, armi72.1/armi72.1, aubHN2/aubQC42,
spn-E1/spn-E1, and maelr20/Df(3L)HD1 egg
chambers were labeled for osk mRNA by
FISH (green) and Osk protein (red) with anti-
Osk antibody. In wild-type ovaries, osk mRNA
accumulates at the posterior cortex of stage
2 to 6 oocytes, but no protein is detectable.
osk mRNA accumulates in armi, aub, spn-E,
and mael mutant oocytes, but the transcript
is not concentrated at the posterior pole and
Osk protein is consistently detected in dis-
tinct foci (stage 3 or 4 oocytes shown). Oo-
cyte cell boundaries are marked by a dashed
line. Samples were labeled and images were
acquired under identical conditions. Single
optical sections are shown. fc, follicle cells;
nc, nurse cell; O, oocyte. Bars are 10 m.
oogenesis or egg activation, respectively (Kim-Ha et al., Olsen and Ambros, 1999; Seggerson et al., 2002; Wight-
man et al., 1993). miRNAs require components of the1995; Lieberfarb et al., 1996; Markussen et al., 1995;
Rongo et al., 1995; Salles et al., 1994). To determine RNAi pathway for their maturation and to assemble into
the RISC (Caudy et al., 2002; Grishok et al., 2001; Hut-whether armi mutations lead to premature translation
of these mRNAs, we immunolabeled egg chambers for vagner et al., 2001; Hutvagner and Zamore, 2002; Ishi-
zuka et al., 2002; Ketting et al., 2001). To determine ifBcd and Osk proteins. Bcd was undetectable during
oogenesis in both wild-type and armi mutants (not components of the RNAi pathway are required for osk
mRNA silencing, ovaries mutant for spindle-E (spn-E),shown), indicating that translational repression of bcd
does not require armi. Wild-type embryos were immuno- aubergine (aub), and maelstrom (mael) were assayed
for osk mRNA localization and Osk protein expression.labeled for Bicoid as a positive control for bcd transla-
tion. In wild-type egg chambers, Osk protein is not pro- aub and spn-E encode components of the Drosophila
RNAi system (Aravin et al., 2001; Kennerdell et al., 2002),duced until osk mRNA localizes to the posterior pole in
mid-oogenesis (Kim-Ha et al., 1995; Lieberfarb et al., and mael is required for localization of a subset of RNAi
pathway components in early Drosophila egg chambers1996; Markussen et al., 1995; Rongo et al., 1995; Salles
et al., 1994). However, in armi72.1 mutants, Osk was pro- (Findley et al., 2003). Mutations in all three genes lead to
premature Osk protein expression without dramaticallyduced in early oocytes before transcript localization
(Figure 3). Osk started to accumulate as soon as tran- affecting the level of osk mRNA (Figure 3). The amount
of Osk protein in aubHN2/aubQC42 oocytes was lower thanscript was apparent by FISH (not shown). Osk was also
prematurely expressed in armi1 and armi72.1 hemizygous in armi, spn-E, and mael mutants; however, neither aub
mutation is a null allele, and the level of Osk expressionoocytes, but was not apparent in early armirev39.2 revertant
oocytes (Supplemental Figure S3 on the Cell website). is consistently above the background staining observed
in wild-type controls (Figure 3). Significantly, mutationsLate stage egg chambers make up most of the ovary,
and Osk is highly expressed during these stages in wild- in aub, spn-E, and mael produce defects in osk mRNA
localization during early and mid-oogenesis (Figure 3),type oocytes. We were therefore unable to biochemi-
cally measure increased Osk protein expression in armi as well as defects in D/V patterning that are strikingly
similar to those produced by mutations in armi (Cleggmutants by Western blotting. However, identical labeling
and imaging procedures were used with all samples, et al., 1997; Gillespie and Berg, 1995; Schu¨pbach and
Wieschaus, 1991; Wilson et al., 1996). Therefore, multi-allowing direct cytological comparison of Osk protein
labeling in wild-type and mutant ovaries. Comparable ple components of the Drosophila RNAi system are re-
quired for osk mRNA silencing and embryonic axis spec-levels of osk mRNA, as judged by FISH (Figure 3) and
Northern blotting (not shown), are present in armi mu- ification.
tants and in wild-type. armi mutants thus do not appear
to affect osk transcript stability, but disrupt osk mRNA Armi Protein Is Asymmetrically Distributed in Early
Stage Egg Chamberstranslational silencing.
In animals, miRNAs repress translation without affect- To examine the distribution of endogenous Armi protein
during oogenesis, we generated polyclonal antibodiesing transcript stability, most likely through direct base
pairing with target transcripts (Brennecke et al., 2003; against a C-terminal peptide and N-terminal fusion pro-
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tein (see Experimental Procedures). On Western blots, The branched structure formed by Armi in early egg
chambers also resembles the polarized microtubule cy-the affinity-purified antibodies react with a polypeptide
of the molecular weight expected for Armi, and both toskeleton that directs asymmetric mRNA localization
(Theurkauf et al., 1992, 1993). Immunolabeling of wild-antibodies strongly label germline structures during oo-
genesis that are absent in armi mutants (Figure 4A, panel type ovaries for Armi and -tubulin demonstrated that
Armi protein is closely associated with the microtubulea, inset). These antibodies also produce diffuse labeling
in the somatic follicle cells in wild-type and armi mutant network in early egg chambers (Figure 5). Moreover,
disruption of the microtubule network with colchicineegg chambers. This may be nonspecific labeling, as
whole-mount in situ hybridization shows that armi tran- disrupts the branched Armi network (Figures 5C–5C’’).
However, Armi does not precisely colocalize with micro-scripts are restricted to the germline and clonal analysis
indicates that armi function is required in the germline tubules. In stage 1 egg chambers, for example, Armi
accumulates near the MTOC (Figures 5A and 5B, arrow-for female fertility and axial patterning (not shown). The
GFP-Armi fusion protein is incorporated into similar head) and along microtubules that extend from the
MTOC and pass through the ring canals (Figure 5B,germline structures in living ovarioles, confirming that
the antibody labeling is specific (Figure 4A, panel b). arrows). In single confocal optical sections, the most
intense Armi labeling does not overlap with the MTOCArmi protein is first apparent early in oogenesis, in
the cytoplasm of stem cells and mitotically dividing cys- or microtubule bundles, which appear to exclude Armi
(compare Figures 5B, 5B’, and 5B’’). Thus, most of thetoblasts (Figure 4A, panel a). In regions 2a and 2b of
the germarium, Armi protein is most concentrated in the Armi protein does not directly associate with microtu-
bules. Nonetheless, microtubules are required to estab-center of the germline cysts, where the pro-oocyte is
located (Figure 4A, panel a, arrowheads). In stage 1 and lish the asymmetric distribution of Armi during early oo-
genesis.early stage 2 egg chambers, Armi accumulates at the
anterior of the oocyte, near the ring canals (Figure 4A, To determine if armi is required for axial polarization
of the microtubule cytoskeleton, armi egg chamberspanels a and b, arrows). Armi also extends through the
ring canals forming a branched structure that links the were immunolabeled with anti-tubulin antibodies. As
shown in Figure 6, armi mutations do not affect initialearly oocyte with adjacent nurse cells (Figure 4A, panels
a and c). In stage 3 cysts, Armi accumulates at the organization of microtubules in stage 1 oocytes (Figures
6A and 6A’). During stages 2 to 7, microtubules areposterior cortex and localizes to extensions that pass
through the oocyte into the nurse cells (Figure 4A, panel significantly more abundant in the oocyte than in the
nurse cells and are organized by the posterior cortex ofd, arrow).
The distribution of Armi in the germarium is reminis- the oocyte (Figure 6B). In armi mutants, a posterior
MTOC was not apparent and microtubule levels in thecent of the fusome, a vesiculated structure rich in mem-
brane skeletal proteins that plays a critical role in orient- oocyte and nurse cells were comparable (Figure 6B’).
Armi is therefore essential for polarization of the oocyteing the cystoblast divisions (Deng and Lin, 1997; Lin
et al., 1994). Double immunolabeling for Armi and the cytoskeleton during early oogenesis. Significantly,
spn-E, mael, and aub are also required for microtubulefusome marker Adducin demonstrated that the branched
structure formed by Armi assembles as the fusome de- reorganization during early oogenesis (Clegg et al., 2001)
(Supplemental Figure S4 online).generates (Figure 4B, panels a and b). During early oo-
genesis, Armi protein also accumulates in punctate As discussed above, this early polarized microtubule
network is required for Grk-dependent differentiation ofstructures around the nurse cell nuclei (Figure 4A, panel
d). This distribution is characteristic of nuage, amor- the posterior follicle cells, which in turn is required for
triggering loss of cortical microtubules at the posteriorphous perinuclear material implicated in RNA pro-
cessing and transport (Eddy, 1975; Findley et al., 2003; pole during mid-oogenesis (Figure 6C, arrowhead). Con-
sistent with the observed defects in microtubule organi-Ikenishi, 1998). Through stages 4 to 7, Armi continues
to be somewhat enriched at the posterior cortex of the zation and Grk protein localization in early armi oocytes,
cortical microtubules persist at the posterior cortex ofoocyte, but at significantly lower levels (not shown). In
stage 9 to 10 egg chambers, Armi is found throughout armi mutants in mid-oogenesis (Figure 6C’, arrowhead).
Loss of these posterior microtubules is thought to bethe cytoplasm of the oocyte and nurse cells, with slight
enrichment at the oocyte cortex (Figure 4A, panel e). essential for osk mRNA localization (Cha et al., 2002;
Micklem et al., 1997; Shulman et al., 2000). These obser-Armi protein and osk mRNA both accumulate in the
oocyte during early oogenesis, when armi mutations vations indicate that the RNAi system is required for
initial anterior-posterior polarization of the microtu-lead to premature Osk protein expression. To define
the spatial relationship between Armi protein and osk bule cytoskeleton, which in turn is required for osk
mRNA localization and posterior patterning during mid-mRNA, wild-type egg chambers were immunostained
for Armi and labeled for osk mRNA by FISH. In the ger- oogenesis.
Mutations in armi and the other RNAi componentsmarium, osk mRNA and Armi protein are concentrated
in similar regions, but the distributions do not precisely lead to premature expression of Osk protein, raising the
possibility that Osk misexpression directly or indirectlyoverlap (Figure 4B, panels c and d). During stages 3
through 6, Armi protein and osk transcripts are concen- triggers the defects in microtubule organization. To test
this, we analyzed microtubule organization in ovariestrated near the posterior cortex of the oocyte in close
proximity, but they assemble into distinct structures (not overexpressing Osk protein from a transgene (Riech-
mann et al., 2002). Microtubule organization in theseshown). These observations indicate that most of the
osk mRNA in the oocyte is not physically associated ovaries was indistinguishable from wild-type controls
(data not shown). Moreover, armi1 osk54 and armi72.1 osk54with Armi protein.
RNAi and Axis Specification
823
Figure 4. Armi Forms a Branched Structure and Is Asymmetrically Localized in Early Egg Chambers
(A) Armi distribution in wild-type egg chambers. Egg chambers were labeled with affinity-purified anti-Armi antibody (green) and stained with
rhodamine-conjugated phalloidin to label F-actin (red). Single confocal optical sections are shown. (a) In region 1 of the germarium, Armi is
expressed in the cytoplasm of stem cells and cystoblasts (cb). In region 2 cysts, Armi is concentrated in the pro-oocyte and passes through
the ring canals (rc) into adjacent cells. No Armi staining is observed in the germline cells of armi72.1/armi72.1 egg chambers (inset), but background
labeling is observed in the follicle cells (fc). (c) In stage 1 oocytes (a, b, and c, * denotes oocyte), Armi protein is concentrated at the anterior
pole of the oocyte (arrow) and passes through the ring canals (rc) forming a branched structure. (b) A armi72.1/armi72.1 germarium expressing
a GFP-Armi protein fusion (green) and stained with rhodamine phalloidin (red). GFP-Armi distribution is similar to the distribution of endogenous
protein. (d) In stage 3 oocytes, Armi protein accumulates at the posterior cortex (arrow) and extends through the ring canals (rc). Armi protein
also accumulates around the nurse cell nuclei (n), possibly to nuage. (e) Armi protein is distributed throughout the cytoplasm of stage 9
oocytes (Oo), with a slight enrichment at the cortex, and is highly expressed in the nurse cell syncytium (nc).
(B) Armi distribution relative to the fusome and osk mRNA. (a–a” and b–b”) A wild-type germarium immunolabeled with anti-Armi antibody
(green) and anti-Adducin antibody (red), which labels the fusome (f) and ring canals (rc) (Lin et al., 1994; Zaccai and Lipshitz, 1996). (b–b’’)
High magnification images of the boxed region in (a). Armi protein (arrowheads) becomes concentrated around the ring canals (rc) as the
fusome (f) degenerates. (c–c” and d–d”) Germaria labeled for Armi protein (green) and osk mRNA (red). Armi protein and osk mRNA accumulate
near the posterior pole (arrow) of the oocyte (*), but they do not precisely colocalize. (d–d”) A different confocal section of a region 2B cyst
from the germarium in (c)–(c”). Bars are 10 m.
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Figure 5. Armi Is Closely Associated with the
Microtubule Cytoskeleton
Wild-type egg chamber immunostained with
anti-Armi antibody (red) and FITC-conjugated
anti--tubulin antibody (green). (A–A”) In the
germarium, Armi accumulates near clusters
of microtubules that connect the cells of each
cyst. Arrowheads indicate position of MTOC
and asterisks mark position of a stage 1 oo-
cyte. (B–B”) High magnification images of the
region boxed in (A). (B’) Microtubules. (B”)
Armi immunostaining. Armi accumulates near
the MTOC and follows the microtubules that
extend into the nurse cell cyst (arrows). Armi
accumulates near microtubule bundles, but
appears to be excluded from these bundles
(compare B’ and B”). (C–C’’) Armi distribution
following microtubule depolymerization with
colchicine. Anti-Armi (red) and anti--tubulin
(green) immunolabeling is shown. Single con-
focal optical sections are shown. Bars are
10 m.
double mutant ovaries showed microtubule defects that Discussion
were cytologically identical to the parental armi mutation
(not shown). Therefore, the defects in osk mRNA silenc- In Drosophila, the embryonic axes are established dur-
ing oogenesis through the asymmetric localization ofing and microtubule polarization are genetically distinct
consequences, suggesting that the RNAi pathway si- mRNAs and proteins within the oocyte. The asymmetries
that initiate axis specification are established duringlences osk mRNA and additional transcripts encoding
cytoskeletal regulators. early oogenesis, when polarization of the microtubule
Figure 6. armi Mutations Disrupt Microtu-
bule Organization in the Oocyte
Wild-type and armi72.1 egg chambers labeled
with anti--tubulin antibody (green) and stained
with rhodamine phalloidin to label F-actin (red).
Actin filaments mark cell boundaries and ring
canal junctions. (A) Wild-type stage 1 egg
chambers have a microtubule organizing cen-
ter (MTOC) (arrowhead) at the anterior pole
of the oocyte (*), adjacent to the ring canals
(rc). (B) During stages 3 to 6, the MTOC is
located at the posterior cortex (arrowheads)
and the oocyte (*) is enriched in microtubules
relative to the nurse cells (nc). A stage 6 egg
chamber is shown. (C) In stage 9 to 10 oo-
cytes, microtubules associate with the major-
ity of the oocyte (O) cortex (inset), with the
exception of the posterior pole (arrowhead),
which lacks cortical microtubules. (A’) In
stage 1 armi72.1 egg chambers, the anterior
MTOC (arrowhead) forms, but the posterior
MTOC is not established (arrowhead) dur-
ing stages 3 to 6 and the oocyte (*) is not enriched in microtubules relative to the nurse cells (nc) (compare B and B’). (C’) Cortical microtubules
persist at the posterior cortex of mid-oogenesis stage armi mutant oocytes (arrowhead). *, oocyte; nc, nurse cell; fc, follicle cells. Single
confocal optical sections are shown. Bars are 10 m.
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cytoskeleton within the oocyte-nurse cell syncytium
leads to asymmetric mRNA and protein localization
within early oocytes. In this and other systems, mRNA
transport is coupled to temporal and spatial control of
translation. We have found a new axial patterning gene,
armi, which is required for initial polarization of the mi-
crotubule cytoskeleton and for temporal regulation of osk
mRNA translation. Armi is related to a subset of RNA
helicases, which include SDE3, a component of the plant
RNA silencing system. We show that Armi is required
to repress osk translation during early oogenesis, but
does not alter osk mRNA levels. We also find that armi
is required for Stellate silencing during spermatogenesis
(Tomari et al., 2004), which requires small homologous
miRNAs and the RNAi components Spn-E and Aub (Ara-
vin et al., 2001; Schmidt et al., 1999; Stapleton et al.,
2001). Finally, we have found that Armi is required for
RNAi and efficient RISC assembly in ovary extracts (To-
mari et al., 2004). These findings strongly suggest that
the RNAi system is required for an early step in the axis
specification pathway.
Consistent with this hypothesis, the RNAi compo-
nents Spn-E, Aub, and Mael are also required for osk
mRNA silencing and for polarization of the microtubule
cytoskeleton during early oogenesis. Aub was pre- Figure 7. Model for miRNA Function in Embryonic Axis Specifi-
viously reported to enhance osk translation during mid- cation
oogenesis (Wilson et al., 1996). However, aub disrupts The miRNA miR-280 is predicted to form a duplex with conserved
posterior localization of osk mRNA during mid-oogen- sites in the 3 UTR of D. melanogaster and D. pseudoobscura osk
mRNA (A) and kinesin heavy chain mRNA (B) and transcripts encod-esis, and posterior localization is required for efficient
ing additional cytoskeletal proteins that function during oogenesisosk translation. We therefore speculate that the reduced
(Stark et al., 2003). We speculate that the RNA silencing systemOsk protein levels during later stages of oogenesis are
functions with miR-280 and perhaps other miRNAs to coordinatelysecondary to defects in posterior patterning during early
regulate translation of osk mRNA and additional cytoskeletal targets
oogenesis, when Aub and other RNA silencing compo- during the initial stages of embryonic axis specification.
nents are required to establish the microtubule asym-
metries required to specify the posterior pole.
While our observations indicate that the RNA silencing
ture expression of Osk protein from a transgene does
system represses osk during stages 1 to 6, other studies
not induce changes in microtubule organization (not
indicate that products of the bruno/arrest, cup, and Bi-
shown). The defects in anterior-posterior polarization of
caudal-C genes are essential for osk silencing during
the microtubule cytoskeleton during early oogenesis, bystages 6 to 8 (Kim-Ha et al., 1995; Saffman et al., 1998).
contrast, may directly lead to the posterior and D/VThe role of Bicaudal-C in osk silencing is unclear. How-
patterning defects observed in mid-oogenesis. As out-ever, Bruno binds to three sites in the osk 3 UTR, called
lined above, microtubule-dependent posterior localiza-Bruno response elements (BREs), and deletion of the
tion of grk mRNA in early oogenesis is thought to facili-BREs leads to osk translation during stages 7 and 8 and
tate Grk signaling from the oocyte to the posterior folliclesevere patterning defects (Kim-Ha et al., 1995). Recent
cells, which initiates a chain of signaling events thatdata show that Cup associates with both Bruno and the
trigger microtubule reorganization and mRNA localiza-5-cap binding factor eIF4E (Nakamura et al., 2004). This
tion during mid-oogenesis (Gonzalez-Reyes et al., 1995;suggests that Cup and Bruno may function together to
Roth et al., 1995). Thus, defects in microtubule polariza-repress osk translation by sequestering the 5 end of
tion associated with RNAi mutations are likely the pri-osk mRNA, thereby blocking translation initiation. Bruno
mary cause of later defects in axial patterning.and Cup do not appear to play a role in osk mRNA
The spectrum of defects observed in RNAi mutantstranslational repression during stages 1–6, when the
suggests that the RNA silencing machinery targets mul-RNAi pathway is required for silencing. The biological
tiple processes during early oogenesis. The endogenousreason for this two-step translational control mechanism
miRNAs that mediate RNA silencing are predicted tois unclear, but may be linked to changing functions for
bind complementary sequences in the 3 UTRs of nu-the RNAi system during oogenesis.
merous target transcripts, suggesting that they may co-All of the RNAi mutations examined in this study pro-
ordinate translational control of gene cassettes duringduce nearly identical defects in microtubule polarization
complex biological processes (Stark et al., 2003). A com-and osk silencing during early oogenesis and posterior
putational screen for miRNA targets has identified oskand D/V patterning during mid-oogenesis. The early de-
mRNA, kinesin heavy chain mRNA, and transcripts en-fects in osk silencing and microtubule organization
coding several other cytoskeletal proteins involved inappear to reflect independent functions for the RNAi
oogenesis as targets for the miR-280 miRNA (Stark etsystem, as mutations in osk do not suppress the cy-
toskeletal defects in armi mutants, and forced prema- al., 2003) (Figure 7A). It is interesting to note that kinesin,
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sequenced. Northern analysis was performed using the DIG/Geniuslike the RNAi components, is required for posterior and
System (Roche) following manufacturer’s recommendations. Prim-D/V axis specification (Brendza et al., 2000, 2002; Dun-
ers used for RT-PCR amplification of the armi-cycJ intergenic regioncan and Warrior, 2002; Januschke et al., 2002). This
were armi2709, GGAATCTGCCTGGTGCCCGAATCTT and cycJ4109,
motor also drives ooplasmic streaming during late oo- GCTCCCTCATGGTCAAAAATATATC. The EGFP-Armi germline ex-
genesis (Palacios and St Johnston, 2002), and mutations pressed transgene was constructed in pUASP (Rorth, 1998) adapted
for the Gateway System (Invitrogen) (details provided upon request).in mael lead to premature ooplasmic streaming (Clegg
Germline transformation was as described (O’Connor and Chia,et al., 1997), which could reflect overexpression of
1993).kinesin due to defects in silencing. These observations
raise the possibility that the RNAi system, through miR-
Antibody Production and Purification280 and other miRNAs, coordinates axis specification
The rabbit anti-Armi-CT antibody was raised against the C-terminalby silencing osk mRNA and simultaneously regulating
peptide CLETFVPSLNTTDDLN coupled to KLH (Peptide Core Facil-
genes involved in microtubule function. ity, University of Massachusetts Medical School). Antigen injection
Armi is asymmetrically localized during early oogen- into rabbits and serum production (Covance Inc.) were performed
using standard procedures. Armi-CT antisera were affinity purifiedesis, when it is concentrated in the oocyte with osk
over Armi-CT peptide coupled to epoxy-activated Sepharose 6BmRNA. This finding raises the possibility that asymmet-
(Pharmacia) as described (Harlow and Lane, 1999). For the anti-ric Armi localization plays a role establishing develop-
Armi-NT1 antibody, amino acids L43 to A445 were ligated to themental asymmetries during early oogeneis. Tomari et
6 His tag in the pQE31 (Qiagen), expressed in E. coli strain
al. (2004) show that Armi is required for mRNA target BL21(DE3). The fusion protein was purified on Probond Ni matrix
cleavage and RISC maturation in vitro. Armi could there- under denaturing conditions (Invitrogen) and used to immunize rab-
bits (ResGen, Invitrogen). NT1 antisera was affinity purified on fusionfore promote local RISC assembly and thus increase
protein coupled to CNBr activated Sepharose 4B (Pharmacia) asthe efficiency of osk mRNA silencing. This could play a
described elsewhere (Harlow and Lane, 1999).role in regulating other transcripts that accumulate in
the oocyte. Local increases in RISC activation could
Immunohistochemistryalso lead to oocyte-specific silencing of transcripts that
Egg chamber fixation and whole-mount antibody labeling were per-are uniformly distributed within the oocyte-nurse cell formed as described (Theurkauf, 1994). Armi-CT antibody was used
complex. The molecular, genetic, and cytological tools at 1:200 to 1:500 dilutions and Armi-NT1 at 1:500. Microtubules were
available in Drosophila should allow direct tests of labeled with FITC-conjugated mouse monoclonal anti--tubulin
(Sigma Chemical Co.) used at 1:200. Oskar protein was labeled withthese possibilities.
rabbit polyclonal anti-Oskar antibody (Vanzo and Ephrussi, 2002) at
1:2500, Vasa with rabbit polyclonal anti-Vasa antibody (Liang et al.,Experimental Procedures
1994) at 1:1000, cyclin J with rabbit anti-cyclin J antibody at 1:2000
(Kolonin and Finley, 2000), and Bicoid protein with rabbit polyclonalDrosophila Stocks and Genetics
anti-Bicoid antibody at 1:50 (Struhl et al., 1989). Monoclonal anti-Oregon R, yw, and armirev were used as controls. The armi72.1 and
Gurken monoclonal anti-Adducin antibodies were used at 1:10 andarmirev alleles were produced by transposase (2-3)-mediated exci-
were obtained from the Developmental Studies Hybridoma Bank.sion of the P element insertion in armi1. Germline clones were gener-
Actin was visualized with rhodamine-conjugated phalloidin, whichated using the FLP-DFS technique adapted for the third chromo-
was used at 1:100 dilution (Molecular Probes). For microtubule dis-some (Chou and Perrimon, 1996; Theodosiou and Xu, 1998). Mutant
ruption, Oregon R female flies were starved 5 hr and then fed yeastalleles and allelic combinations used in this study were aubQ42/aubHN2
paste with 50 mg/ml colchicine overnight. Oskar protein was misex-(Schu¨pbach and Wieschaus, 1991), maelr20/Df(3L)HD1(Clegg et al.,
pressed during early oogenesis using an osk-K10 transgene under1997), and spn-E1/spn-E1 (Gillespie and Berg, 1995; Gonzalez-Reyes
UASp-Gal4 control (Riechmann et al., 2002).et al., 1997). Fly lines for germline clone analysis, aubQC42, aubHN2,
Df(3L)E1, Df(3L)HD1, and spn-E1, were provided by the Bloomington
Drosophila Stock Center (Consortium, 2003; http://flybase.org/). Acknowledgments
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